INTRODUCTION
Geologically precipitated carbonates occur in a variety of forms in surficial and subsurficial deposits in the Nevada Test Site (NTS) region. These carbonates accumulate in soil horizons in different physical forms depending upon their genesis and relative stages of development. They commonly fill fractures along faults, form dense, strongly cemented deposits in alluvium, and are precipitated by spring water. Dating these materials is important because it allows correlation of alluvial-fan deposits and permits a better understanding of the geomorphic processes affecting pediments and alluvial terraces. These dates are useful in the assessment of the chronology of Quaternary faulting, and help define paleoclimatic conditions during the Quaternary. All this information is essential to the evaluation of the NTS region for storage of radioactive wastes.
The carbonates were broadly classified into five groups. The hard, dense and finely crystallized carbonates precipitating from ground water are referred to as travertines. The softer and more porous forms of the precipitated carbonates are defined as tuffaceous travertines. The surficial conglomerates or rock fragments and minerals, strongly cemented by authigenie carbonates are called calcretes. The secondary accumulations of cementing carbonate in the host material of a soil environment are identified as soil caliches.
Finally, the dense calcium carbonate in fractures in drill cores is referred to as calcite veins.
As is widely known, uranium is readily transported in ground water, both as a free ion or combined with organic or inorganic species, notably carbonate complexes. Thorium, on the other hand, hydrolyzes and precipitates, or can be readily adsorbed on the various matrix minerals through which the transporting medium passes. When calcium carbonate precipitates, uranium also present in solution will coprecipitate. Accordingly, pure carbonates may be dated by the uranium-series metnod provided that the samples represent a closed system; that is, there has been no postdepositional migration of uranium isotopes nor 230 their in situ produced long-lived daughter, thorium. However, most precipitated carbonates found in nature are composed of two distinct phases original host or matrix material, minerals and rock fragments, and the cementing authigenic carbonate medium. The major problem with dating these samples is that the two phases cannot be completely separated by simple chemical or physical means, and clearly the two can exhibit widely differing ages.
Little data has been published on dating carbonates containing large amounts of cemented detrital material, mainly because of the difficulties involved in processing. Rosholt (1976) dated caliche rinds and travertine; the soluble and insoluble fractions of individual aliquots were separated by means of dilute acetic, nitric and hydrochloric acids. Ages were calculated 9^0. by using Th/Th versus "H U/Th plots of the soluble and insoluble fractions. Ku and others (1979) reported dating of soil caliche rinds on pebbles, They leached the samples with dilute hydrochloric acid and analyzed both soluble and insoluble fractions. Ages were calculated from the analyses of the soluble component after applying a correction scheme for the detrital 230 Th contamination. Szabo and Butzer (1979) dated carbonates from playa deposits. They dissolved and analyzed an aliquot of the total sample; then another aliquot was leached by dilute acetic acid and the acid insoluble residue was also analyzed. Ages were calculated from the 230Th/ 234U versus 232Th/ 234 U and 234U/ 238U versus 232Th/ 238U plots.
The ages of the samples in the present report are calculated by means of isochron plots of the respective acid soluble and acid insoluble residue pairs (Szabo and Sterr, 1978) . The slope of the 234 U/ 232 Th versus 238U/ 232Th plot 234 238 yields the U/ U activity ratio of the pure carbonate component (see fig. 1 ); 230 23? 234 232 230 234 the slope of the ouTh/ ^Th versus " U/ Th plot yields the ouTh/ U activity ratio of the pure carbonate component (see fig. 2 ). From these isotopic ratios, isochron-plot ages of the various carbonate samples are calculated using a rearranged form (equation 2) of the standard radioative growth and decay equations:
238 Where Th, U and U are measured activities in a sample; X 0 and X 4 230 234 represent the decay constants of Th and U, respectively; and t equals time rTh age). 
EXPERIMENTAL PROCEDURES
The soft, poorly cemented samples of soil caliches were crushed and cleaned by sieving, by hand picking and removing the visible rock fragments.
The dense, strongly cemented samples were crushed and ground to a fine powder.
All samples were homogenized, passed through a 115-mesh screen, and ashed for a period of about 8 hours at 900°C to convert CaCO., to CaO. The accurately weighed sample was then carefully added to a dilute solution of nitric acid (0.1-0.5 F) in minute portions to assure that at no time was the solution allowed to turn basic. The final acidity of the slurry of detrital acidinsoluble material in the soluble component solution was adjusted to approximately pH=3 or lower. The soluble and insoluble fractions were separated by centrifuging and the solid fraction was dried and weighed. The separately labeled pairs thus obtained were treated in parallel fashion to obtain the points for the isochron plots. Both fractions were spiked with a standard poc solution of U, the amount determined by the relative weights and a crude quick measurement of total activity, such that the U activity was approxi-234 238 mately equal to the U and U activities. Both fractions also were spiked 228 229 with a standard solution of Th and Th, again the amount determined by the relative weights to best assure equivalent counting sensitivity.
Addition of concentrated NH-OH to the acid soluble fraction generally coprecipitated the uranium and thorium with the naturally present iron and aluminum as hydroxides. If no precipitate had formed by the time the pH reached 6, the solution was reacidified, iron nitrate carrier added, and the procedure repeated. The precipitate was separated by centrifuging and washed with 1:20 NH-OH. Then the precipitate was dissolved in minimal concentrated HN0 3 and the concentration adjusted to approximately 7F to permit maximum ion-exchange efficiency. A previously prepared and conditioned Dowex 1-X8 ion-exchange column in the NCL~ form selectively absorbs both uranium and thorium nitrate complexes, whereas most other metals pass directly through. Elution with highly dilute HNO~ permits recovery, and great volume reduction can thus be accomplished via subsequent hot plate evaporation. In fact, the salts are taken to dryness and redissolved in 6F HC1 to permit separation of the thorium and uranium on a previously prepared and conditioned Dowex 1-X8 Cl" column.
Thorium does not form stable chloride complexes and hence passes directly through, whereas the uranium chloride complexes are absorbed (Kraus and others, 1956 3 ) and electroplated onto a disc suitable for alpha spectrometer counting. The uranium plating requires roughly 1/2 hour at a current of ~1 amp using a platinum disc. The thorium plating requires roughly 1 hour at a current of ^1 amp using a titanium disc. It should be noted that some thorium samples were prepared for counting by solvent extraction and evaporation on an aluminum disc.
This method involves identical procedures up to obtaining a final tiny volume of solid thorium salt. At this point, the solid is dissolved in a small amount of 0.1 F HN03 and extracted with an equally small volume of 0.4F thenoyltrifluoroacetone (TTA) in benzene. This organic solution was evaporated on a dimpled aluminum disc and the extraction procedure repeated. The dimple was reversed after drying and the disc placed in the alpha spectrometer for counting. extended refluxing was sometimes necessary to effect complete solution. The uranium and thorium isotopes were concentrated and separated as indicated previously using anion exchange, and so forth. On occasion, concentration of the uranium via hexone extraction was believed to be preferable. This procedure involved dissolving the uranium-containing fraction in 6F HNCL, addition of about 25 milliliters of hexone in a separatory funnel and shaking for about 5 minutes. The hexone phase was back extracted with 25 milliliters of water, repeated, and then the aqueous phase, containing the uranium, evaporated to dryness. Plate preparation was the same as for the soluble fractions.
Plates were counted for at least about 10,000 counts in an Ortec alpha spectrometer. Figure 4 is a typical cathode-ray tube trace for uranium and figure 5 is a representative trace for thorium.
RESULTS AND DISCUSSION
The analytical data and calculated ages of samples from eigh^general 8Age cannot be calculated.
9 Inner part of dense carbonate rind growing on cobbles.
10 The softer and porous outer part of the same rind as 9 (above). Average of two sample splits.
2 Samples of inner and outer parts of caliche "stalactite" gave the same age (table 1) . Sample fills opening in fault; slightly crushed and some slippage evident, Gives an older age than caliche (sample 51) offset by fault.
Sample was unfractured by >5,000 fault, so last movement is greater than about 5,000 years ago. Sample was unfractured by fault; last movement on fault is greater than about 20,000 years ago.
>20,000
Did not yield an age.
Fault has moved a little 70,000 -110,000 after about 100,000 years, Fractures have probably not been reopened in last 400,000 years. ">400,000 " All three sample exceeded the age of resolution of the method. leaching of windblown material is sample 59, which is a thin, soft, porous carbonate layer at the base of a loess layer, which has a maximum thickness of 0.5 m. Holocene sand dunes overlie the loess and basalt in places ( fig. 8 ).
The loess rests on highly porous basalt cinders that provide an extremely permeable system. The age resulting from uranium-series dating is about 25,000 years; the underlying basalt lava flow is about 300,000 years old as determined by K-Ar dating (R. J. Fleck and W. J. Carr, U.S. Geol, Survey, oral comrnun., 1979). Obviously, the caliche gives only a minimum possible age for the loess and cinder cone. Immediately beneath the basalt lava flow, massive stalactitic calcrete was analyzed as sample TSV-60 ( fig. 3) . The material encrusts boulders of welded tuff and displays well-developed laminae, so the sample was split into inner and outer parts. Both parts gave the same uraniumseries age, suggesting rapid deposition of the calcrete. The age of 345,000
years agrees with the age of the overlying basalt and suggests that formation of the calcrete was ended abruptly by emplacement of the basalt.
TSV-59(±25,OOOyrs)
Qle SAND DUNES Samples 82 and 97 were collected from similar soil caliche in unit Q2
in the walls of two trenches dug across the Rock Valley fault ( fig. 9 ). At both localities, which are 500 m apart, the caliche and a B soil zone appear to have been disturbed and offset as much as 0.5 m by the fault. This apparently young displacement is in contrast to the lack of a youthful scarp at the surface; in fact, the maximum slope measured on the scarp at the trenches is 8°
and scarp height ranges from about 1.5 to 2 m. At least two episodes of movement are demonstrated by the scarp and the exposures in the trenches. The work of Bucknam and Anderson (1979, p. 14) suggests that on the basis of the relationship between scarp-slope and height, the Rock Valley fault scarp is older than about 12,000 years. The latest event, the one that displaced the dated caliche about 0.5 m, is thus probably younger than 12,000 years, but the surface scarp has been obliterated. Perhaps such a small scarp can disappear in 10,000 years or so. However, at several locations from 1 to 2 miles west of the trenches along the Rock Valley fault system, scarps that displace intermediateage (Q2) alluvium 1-2 m extend across Holocene (Ql) alluvium as faint but discernible lines with no scarps. Thus, evidence is strong for a major earthquake on the Rock Valley fault zone prior to about 12,000 years ago, which was followed by a smaller event sometime in early Holocene time, probably between 5,000 and 12,000 years ago.
A somewhat similar caliche was dated from a trench dug in intermediate alluvium (Q2) in northeastern Jackass Flats (stop»9). The age obtained on the caliche, approximately 24,000 years, is much younger than the age of the deposit which J. N. Rosholt (U.S. Geol. Survey, written commun. 1980 ) dated at 145,000 years by the uranium-trend method (Rosholt, 1978) . Probable reasons for this discrepancy are discussed later in the summary. Two caliche samples (HI and H2) from old alluvium (QTa) exposed by a trench ( fig. 10 ) on the flank of the Eleana Range also gave relatively old (128,000 +_ 20,000 yrs.) and relatively young (>5,000 yrs.) ages. The young caliche is similar to caliche of samples 82 and 97 from Rock Valley and stop 9 in Jackass Flats, and is in general, related to the present topography. The older caliche dips into the present topography about 12° and predates the adjacent valley.
Yet another laminar caliche (sample 51) similar to the previously discussed examples was taken from a trench dug across the Boundary fault in northwestern Yucca Flat. It is obviously displaced by the fault, and it too gave a young minimum age of >8,000 years, whereas the calcrete from the fault zone itself (sample 50) gave an age of about 24,000 years. The calcrete in the fault appeared to be crushed and jostled somewhat by subsequent movements. The general situation is similar to that at the Rock Valley fault where the age of the offset caliche appears to be somewhat younger than the age of the fault as estimated from other evidence. In both instances, faulting clearly has occurred after deposition of most of the laminar soil caliche. The morphology of the Boundary fault scarp suggests younger significant offset than on the Rock Valley fault, yet the calcrete in the Boundary fault gives an age that is apparently older than the scarp. Rough ages based on scarp-slope relationships determined by Wallace (1977 Wallace ( , p. 1275 for north-central Nevada suggests that the Boundary fault scarp formed about 10,000 years ago, which is in fairly good agreement with the age of >8,000 years determined on the offset caliche.
Two carbonate samples of spring or probably spring origin were dated (samples 106 and 199), These gave ages of 78,000 +_ 5,000 and about 30,000 years. Spring deposits at both localities are overlain by Q2 alluvium, but, particularly in the deposit of the 30,000-year-old material, relationships These east-northeast to northeast-trending faults are fairly prominent on aerial photographs, but, in general, the youngest material they cut appears to be older alluvium (QTa), and in some instances the older alluvium is merely deposited against the scarps in bedrock. In three samples (30, 32, and 45), undisturbed fault-filling material gave ages older than 700,000 years.
Another group of samples (46, 47) from two adjacent parallel faults at the head of Mercury Valley gave ages in the general range of 100,000 years.
These fault fillings are clearly undisturbed, but the faults cut older alluvium (QTa). The age of the latest fault movement there seems well controlled at earlier than about 100,000 years ago. The virtual absence of scarps in the older alluvium suggests that the actual age of the latest fault movement was probably even older, possibly 1 m.y. or so. However, no great difference in age was found between the inner and outer parts of one of the veins, suggesting fairly rapid filling of the opening along the fault.
On the west side of Yucca Mountain, a prominent Basin-Range fault that drops old alluvium (QTa) against welded tuff bedrock contains unfractured calcrete veins. The undisturbed calcretes gave ages of >5,000 and >20,000 years (sample 113 and 115, table 4). The highly siliceous nature of this material prevents a better resolution of age, but based on scarp morphology and age of alluvium affected, it is fairly certain that the last movement on the fault occurred prior to 20,000 years ago and probably before several hundred thousand years ago. About 7 km farther north, the same fault zone contains a small unfractured basalt dike dated by K-Ar at 10 m.y. (R. F. Marvin, U.S.
Geol. Survey, written commun., 1979).
Calcrete was also dated from a northeast-trending fault zone in limestone bedrock in the lower part of Rock Valley. It gave an age of 70,000-110,000
years (sample 155, table 4), but another sample (154) from a parallel splay of the fault failed to yield an age. The calcrete is clearly crushed and slip surfaces within it display slickensides, so that some movement has occurred after about 100,000 years. Along the trend of the fault, to the north across U.S. Highway 95, is a small subtle fault scarp in old alluvium; this scarp could be the remnant of a small surface displacement corresponding to that re- A series of samples of calcite-filling fractures in drill core of welded tuff at Yucca Mountain (UE25a-l, tables 2 and 4) gave consistent ages of >400,000 years. The deepest sample (611 m) was from below the water table.
These significant ages give assurance that reopening of these fractures has not occurred in at least 400,000 years, indicating relative stability for this structural block.
SUMMARY
Quaternary tectonic activity in arid regions may be assessed through the study of the history of movement of faults by dating carbonates that are deposited in fractures or carbonates cementing young alluvial materials that these faults displace. Carbonates, such as caliche, calcrete, travertine, calcite veins and tufas, are common in the NTS area, southern Great Basin, and all types of these carbonates have been collected and dated by the uraniumseries method from a variety of geologic settings. Many of the samples have yielded reasonable results that agree well with estimates of ages determined by K-Ar and (or) fission-track dated volcanic units, fault scarp morphology, and geomorphic considerations. Other samples gave only minimum age for a material or event.
Dating of impure carbonates that are heterogeneous mixtures of materials with different ages is still tentative because there must be more experimental work to document the validity of the acid leaching approach used in this study, Some generalizations concerning the reliability of these uranium-series dates can be made at this time, however, Nearly all the travertines and calcite crystals or veins appear to yield reasonable ages, probably because these samples were deposited under conditions that closely resemble the "closed The results for samples classified as soil caliches were found to be questionable using this procedure. Most samples yielded ages that are too young, but which can be considered as minimum ages, These too-young ages can readily be explained by recognizing that the soil carbonates may be dissolving and reprecipitating continuously while converting from a less mature to a more mature state. A different treatment of the samples and data using the uranium-trend method developed by Rosholt (1978) migh permit better age determinations, as these soil caliches resemble, in many ways, the soils he successfully dated.
